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Wide-bandgap AlGaN / GaN high electron mobility transistors ͑HEMTs͒ exhibit inherent advantages for high-power, high-voltage, and high-temperature applications. Performance of the conventional depletion-mode ͑D-mode͒ HEMTs ͑with a negative threshold voltage͒ has been significantly improved, 1 while the implementation of enhancementmode ͑E-mode͒ or normally off devices ͑with a positive threshold voltage͒ is still hindered by technical difficulties. From the application viewpoint, E-mode HEMTs are strongly required because of the circuit simplicity brought by elimination of the negative supply voltage. For digital applications, the simplest circuit configuration can be achieved by using direct-coupled field-effect transistor logic that features integration of D-mode and E-mode HEMTs. For highvoltage power switches, normally off operation is mandatory for device safety. Recently, a robust technique for fabricating E-mode AlGaN / GaN HEMTs with low on resistance and low knee voltage starting from a conventional D-mode HEMT structure has been reported.
2,3 The technique is based on self-aligned fluorine plasma treatment and post-gateannealing. It has been found that the fluorine ions are responsible for the conversion from D mode to E mode. The question of how F ions act in the III-nitride material system is of fundamental importance to further understand and improve the fluorine plasma treatment technique. A fluorine atom possesses strong electronegativity, but virtually no knowledge exists about its behavior as an impurity in III-nitride semiconductors. In this work, we report a study of F-related centers in an AlGaN / GaN heterostructure using temperature dependent Hall effect and persistent photoconductivity ͑PPC͒ measurements.
The AlGaN / GaN epitaxial structure used in this work was a base line AlGaN / GaN HEMT structure grown on ͑0001͒ sapphire substrate in a metal organic chemical vapor deposition system. The epitaxial structure consists of a lowtemperature GaN nucleation layer, a 2.5-m-thick unintentionally doped GaN buffer layer, and an AlGaN barrier layer with 30% Al composition. The barrier layer consists of a 3 nm undoped spacer, a 15 nm carrier supplier layer Si doped at 2.5ϫ 10 18 cm −3 , and a 2 nm undoped cap layer. The Ohmic contacts were formed using Ti/ Al/ Ni/ Au metallization with a contact resistance of 0.8 ⍀ mm. The sample for Hall effect and PPC measurements was treated with CF 4 plasma in a reactive ion etching system at a rf power of 150 W for 120 s, followed by a rapid thermal annealing at 400°C for 10 min. The post-treatment annealing has been shown to be effective in repairing the plasma-induced damage and the annealing temperature is low enough to be compatible with the gate process. Another sample without the fluorine treatment was also prepared and measured for comparison. Temperature dependent ͑80-305 K͒ Hall measurements were performed using the van der Pauw configuration. An Ar-ion laser was used for PPC measurements. A bias of 200 mV was applied between two contacts with ϳ150 m spacing. The data obtained under different conditions were taken in such a way that the sample was always allowed to relax to equilibrium.
The electron density and mobility of both the treated and untreated samples are measured in the dark with temperature varying from 80 to 305 K, as shown in Fig. 1 . Both the carrier density and mobility of the untreated sample show typical temperature dependence of two-dimensional electron gas ͑2DEG͒.
4 while for the F-plasma treated sample, both the carrier density and mobility decrease drastically. It is well known that fluorine is the most electronegative element and the CF 4 plasma generates a great deal of negatively charged fluorine ions. It is reasonable to assume that the F ions are negatively charged in the heterostructure when most of them are concentrated in the AlGaN barrier, as shown by the secondary ion mass spectroscopy ͑SIMS͒.
3 These F − ions can thus deplete the 2DEG in the channel and decrease the carrier density, leading to a positive shift in threshold voltage. While the decrease of carrier mobility after the F-plasma treatment mainly results from reduced carrier density and increased impurity scattering. The decrease of carrier density indicates that both the quantum confinement for 2DEG at the interface of AlGaN / GaN heterostructure and the screening effect are weakened. In addition, the depth profile of the fluorine atoms measured by SIMS ͑Ref. 3͒ shows that a small amount of fluorine atoms can penetrate the AlGaN barrier and be presented into the GaN channel. These fluorine atoms, which are negatively charged, increase the carrier scattering rate. Another interesting phenomenon is that the electron mobility in the treated sample reaches a maximum at about 110 K. This temperature dependence of the mobility in the treated sample is similar to that in bulk GaN epilayers, where the impurity scattering dominates, 5, 6 suggesting that impurity scattering ͑by fluorine atoms͒ in the 2DEG channel plays a dominating role in limiting the 2DEG mobility in the F-treated sample at low temperature. This result is consistent with the fact that a small amount of fluorine ions end up in the channel, as observed from the fluorine ion distribution profiles. 3 The phenomenon of the PPC effect has been observed in GaN thin films 7, 8 and AlGaN / GaN heterostructures. 4, 9 The investigation of the PPC effect in these materials can provide information on the deep center levels and the carrier relaxation. Here, we report the PPC effect observed in AlGaN / GaN heterostructures treated by fluorine plasma. An Ar-ion laser ͑ = 488 nm͒ was used as the excitation source. Figure 2 shows the PPC decay curves of the treated and untreated samples after excitation using a 488 nm light under the same conditions at room temperature. I PC is defined as the difference between the measured photocurrent and the dark current ͑I dark ͒. The treated sample shows a much more pronounced PPC effect than the untreated sample. The decay time constant of the treated sample is much larger than that of the untreated sample. The large decay time constant allows us to investigate the dependence of the electron mobility on the carrier density of the treated sample by conducting Hall measurement at various times after the light excitation was turned off. The inset of Fig. 2 shows the results obtained at room temperature, indicating that the mobility increases with the increase of sheet density of the 2DEG. This behavior is different from that for GaN epilayers 6 but similar to that for the 2DEG in AlGaAs/ GaAs ͑Ref. 10͒ and AlGaN / GaN. 4 The main reason for the improved electron mobility at higher 2DEG concentration is the reduced impurity and lattice ͑or phonon͒ scattering by stronger screening effect.
The decay of the PPC follows a stretched-exponential function, 4,9
where I PPC ͑0͒ is the PPC buildup level at the moment of light excitation being switched off, is the PPC decay time constant, and ␤ is the decay exponent. The solid lines in Fig. 2 are the least squares fit of data with Eq. ͑1͒. We have measured the PPC behavior of the treated sample at different temperatures and obtained the decay time constants and decay exponents by fitting the decay curves using Eq. ͑1͒. mated as 624 meV. The fitted values of the PPC decay exponent ␤ are shown in inset ͑a͒ of Fig. 3 . The observed PPC effect is illustrated in inset ͑b͒ of Fig. 3 . Upon light illumination, the electrons trapped by F-related centers are excited ͑process 1 in the figure͒; then the photoexcited electrons drift to the channel region ͑process 2 in the figure͒, increasing the 2DEG density and contributing to the observed photoconductivity. When the light illumination is off, photoexcited electrons will be recaptured slowly by these deep centers ͑process 3 in the figure͒. As the F-related centers are mainly located at the top region of the AlGaN capping layer, 3 there is a large spatial separation between the photoexcited electrons in the channel and F-related centers. As a result, we observe a larger recapture energy barrier E rc and a smaller decay exponent ␤ compared with those reported for other PPC effects in conventional AlGaN / GaN heterostructures 4 and GaN films. 8 Although the physical significance of ␤ is not clear, the temperature dependence of ␤ implies that the decay mechanism at low temperatures is different from that at high temperatures.
Photocurrent spectra of both the treated and untreated samples have been measured at room temperature.
11 By comparing the photocurrent spectra of the treated and untreated samples measured at the same conditions, the photoionization energy E ph of the F-related deep centers in the AlGaN / GaN heterostructure was obtained to be 1.85 eV, at which the photocurrent of the treated sample started to exhibit a much higher increasing rate compared to the untreated sample. AlGaN / GaN Schottky barrier diodes ͑SBDs͒ with and without fluorine plasma treatment, have been characterized using deep-level transient spectroscopy ͑DLTS͒. 12 A dominant high-temperature trap, which is associated with the F-related deep centers, is observed for the treated SBD, and the thermal activation energy E th is estimated to be larger than 1.5 eV. On the basis of the experimental results of the temperature dependent PPC, photocurrent spectra, and DLTS measurements, we propose a simple configuration coordinate diagram for the F-related deep centers in the AlGaN / GaN heterostructure, as shown in Fig. 4 .
In conclusion, we have studied the F-plasma treated AlGaN / GaN heterostructure using temperature dependent Hall effect and PPC measurements. Both the 2DEG carrier density and mobility decreased drastically after the F-plasma treatment and a much more pronounced PPC effect is observed in the treated sample, indicating that F-related centers are deep electron traps. The energy barrier for the 2DEG electrons recaptured by the F-related centers is obtained to be 624 meV.
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